Breakfast, glycaemic index and health in young people  by Tolfrey, Keith & Zakrzewski, Julia K.
Available online at www.sciencedirect.comJournal of Sport and Health Science 1 (2012) 149e159
www.jshs.org.cnReview
Breakfast, glycaemic index and health in young people
Keith Tolfrey a,*, Julia K. Zakrzewski b
a School of Sport, Exercise and Health Sciences, Loughborough University, Loughborough LE11 3TU, UK
bDepartment for Health, University of Bath, Bath BA2 7AY, UK
Received 16 June 2012; revised 20 August 2012; accepted 31 August 2012AbstractThe often cited phrase “breakfast is the most important meal of the day” may have been largely anecdotal and lacking empirical evidence
originally, particularly where children and adolescents (young people) are concerned. However, there is now a large body of evidence
demonstrating that regular breakfast consumption is associated with a variety of nutritional and lifestyle-related health outcomes in large diverse
samples of young people, which may prevent weight gain, nutrient deficiency and reduce risk factors for chronic disease. This evidence has been
reviewed previously, but the link between breakfast composition and health has received less attention. There is emerging evidence in young
people that suggests certain breakfasts are particularly beneficial for health, with much of this evidence focusing on ready-to-eat cereals and
breakfast glycaemic index (GI). Substituting a high GI (HGI) breakfast for a low GI (LGI) breakfast may be particularly beneficial for over-
weight young people through increased glycaemic control and satiety. Thus, the purpose of this paper is to extend previous reviews on breakfast
consumption and health to provide a greater understanding of the role of breakfast composition, particularly breakfast GI. Unlike the evidence on
breakfast consumption, which has often been based on large cross-sectional studies, the evidence on breakfast GI is based primarily on
controlled experimental studies, often with relatively small samples. At times, it was necessary to refer to the adult-based literature in this review
to support findings from young people or to highlight areas that are particularly lacking in empirical evidence in this population. Since breakfast
consumption has declined in young people and also decreases from childhood to adolescence, strategies to promote regular consumption of
a healthy breakfast in young people are warranted. Future research in young people should place greater emphasis on breakfast composition,
consider the mechanisms controlling relationships between breakfast consumption and health, and investigate the benefits of habitual
consumption of LGI compared with HGI breakfasts.
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A definition of breakfast for research has been proposed as
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http://dx.doi.org/10.1016/j.jshs.2012.09.001activities, within 2 h of waking, typically no later than 10:00 in
the morning, and of an energy level between 20% and 35% of
total daily energy needs”.1 In the past several years, research
has shown that regular breakfast consumption has important
implications for improving health,2,3 as well as improving
cognitive performance and reducing mental distress4 in young
people. Despite these reported advantages, 10%e35% of
young people in many westernised countries regularly skip
breakfast;2,510 these numbers are higher in girls compared
with boys and increase from childhood to adolescence.11 It is
important to note that this broad range in the numbers of
breakfast skippers reported may be attributed to several
factors, particularly between-study differences in the methodProduction and hosting by Elsevier B.V.Open access under CC BY-NC-ND license.
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Although researchers have typically defined breakfast as
anything that the participant considers to be “breakfast” using
questionnaires,79,11 more specific definitions that have been
proposed1 may help to provide some consistency between
studies in the future. Furthermore, there are currently no
national recommendations for the frequency of breakfast
consumption, with studies defining “habitual” breakfast eaters
as those, for example, who consume breakfast on a certain
number of days across the week,11 school days only9 or on the
dietary survey day only.8
From a health perspective, breakfast consumption may
favourably affect nutrition, body composition, and chronic
disease risk markers; all of which have considerable relevance
given public health concerns of obesity and associated car-
diometabolic disorders in young people, including insulin
resistance, dyslipidaemia, and hypertension.12,13 This is
particularly concerning for the younger generation since the
transition from adolescence to adulthood appears to be a high-
risk period for weight gain14 and the temporal reduction in
insulin sensitivity during the pubertal period.15,16 It is also
clear that childhood obesity tracks into adulthood14 and can
have adverse consequences on mortality and morbidity in later
life.17 Since childhood and adolescence have been identified as
critical periods for the establishment of lifestyle behaviors,
and it is widely recognised that obesity prevention provides
a more effective and realistic solution than treatment, attention
should be directed towards young people.18
The observed relationships between breakfast consumption
and health may not be due to consumption per se, but rather the
composition or “quality” of breakfast.19 Ready-to-eat-breakfast-
cereals (RTEBC) are often consumed for breakfast in wester-
nised countries2022 and studies have distinguished between
RTEBC and non-RTEBC consumers.19,23,24 There has also been
considerable interest in the health benefits of whole-grain, fibre-
rich, low-energy-dense breakfasts that contain low glycaemic
index (LGI) carbohydrates (CHO).25,26 This complements the
large body of research advocating the health benefits of LGI diets
in adults27 and, to a lesser extent, in young people.28,29
Previous reviews have comprehensively examined the
health benefits of regular breakfast consumption and advo-
cated the consumption of high-fibre breakfasts containing
nutrient-rich whole grains in young people, but have only
touched upon the effect of breakfast composition and paid
little attention to breakfast glycaemic index (GI).2,3 Thus, the
purpose of this review is not to provide an exhaustive overview
of the literature on breakfast consumption, but rather to focus
on breakfast composition, particularly GI and metabolism.
Following an overview of the epidemiological evidence on
breakfast consumption, obesity, and health, the concept of
glycaemic index is described and experimental evidence
examining the effect of breakfast GI on health markers,
metabolism, and satiety is reviewed. For clarity, breakfast
skipping is defined as a habitual choice in free-living condi-
tions (e.g., a child who chooses, for whatever reason, not to eat
breakfast), whereas breakfast omission refers to an experi-
mental manipulation that a study participant has consented tocomply with when asked (e.g., an adolescent who normally
eats breakfast, but has completed some measurements after an
overnight fast as part of an experimental study).
2. Breakfast consumption, weight status, and disease risk
markers
Various inter-related factors have contributed to the large
multi-national increase in numbers of overweight and obese
young people.30 An imbalance between energy intake and
expenditure is, however, often posited as the root of the
problem. Breakfast consumption and composition represent
modifiable factors that are both directly and indirectly related
to the balance between energy intake and expenditure. A large
body of cross-sectional evidence has shown consistently an
inverse association between breakfast consumption and
measures of obesity (most often body mass index (BMI)) in
large diverse samples of young people and with the adjustment
of potential confounding factors.3,31,32 Moreover, prospective
studies indicate that habitual breakfast consumption is
predictive of lower BMI.11,31 In a longitudinal study with 2216
adolescents and a 5-year follow-up, Timlin et al.11 reported
a doseeresponse inverse relationship between breakfast
frequency and weight gain. Subsequently, a recent systematic
review of 16 studies concluded that breakfast consumption
was associated with reduced overweight and obesity risk in
young people,3 although it should be noted that these rela-
tionships have not always been observed; for example,
a reduction in BMI over time was associated with breakfast
consumption in non-overweight, but breakfast skipping in
overweight adolescents.33 Further longitudinal research with
a 20-year follow-up indicated that skipping breakfast over
prolonged periods of time led to more pronounced changes in
weight gain and disease risk; participants who skipped
breakfast in both childhood and adulthood had a higher BMI,
waist circumference, HOMA-IR score, fasting insulin
concentration and total and LDL-cholesterol concentration
than those who consumed breakfast at both time points.34
Breakfast consumption has also been associated with lower
plasma total cholesterol concentration in young people,35 but
more research is required on relationships between breakfast
consumption and cardiometabolic health markers. Nutrition,
meal patterns, physical activity (PA), and other lifestyle
factors are likely to contribute to the lower BMI and disease
risk markers in breakfast consumers. However, it is important
to highlight that breakfast consumption may simply be
a marker for a healthy lifestyle in general; research that can
infer causality between breakfast consumption and health-
related variables would be required to refute such claims.2.1. NutritionSince common breakfast foods come from the core food
groups (breads and cereals, dairy products, and fruit), break-
fast is typically a nutritious meal, low in fat and high in
CHO.36 Indeed, the nutritional benefits of regular breakfast
consumption are well established in young people2 and are
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nutrient intake during childhood may be associated with
adverse health outcomes during childhood, adolescence, and
adulthood.37 Breakfast consumption has been associated with
favourable diet quality and nutritional status, reflected by
higher micronutrient intakes and a greater likelihood of
meeting recommended intakes for vitamins and minerals,
including vitamins A and C, riboflavin, calcium, zinc, and
iron.6,7,38 The higher milk and calcium intake in breakfast
consumers31,32 is critical for young people since bone calcium
accretion is highest during adolescence.39 Importantly, young
people who skip breakfast do not seem to make up the nutrient
deficits through other meals consumed during the day.6,38
Breakfast consumption is also associated with higher daily
total energy, CHO, protein and dietary fibre intake, and lower
total and saturated fat intake,6,11,31,32 whilst the impact of
breakfast consumption on sugar intake is unclear.7,38 Findings
that breakfast consumers have lower BMIs and higher energy
intakes are somewhat contradictory, but suggest meal patterns
and PA may be more important in explaining associations
between breakfast consumption and BMI. Importantly,
experimental data are emerging in adults, which reported no
difference in daily energy intake when adults were asked to
consume breakfast for one week and omit breakfast another
week.40 Interestingly, the effect of breakfast varied according
to sex and morning eating habits; in the men, daily energy
intake was higher in habitual breakfast consumers during the
breakfast condition. In the women, however, habitual breakfast
consumers ate more and later in the day under the breakfast
omission condition.
Breakfasts containing cereal may be particularly beneficial
for overall nutrient intake; RTEBC is typically low in fat,
a good source of complex carbohydrates, fortified with vita-
mins and minerals and provides dietary fibre.41 Nutritional
benefits of regular RTEBC consumption are similar to those of
breakfast consumption and include higher micronutrient, fibre,
CHO, protein and reduced-fat and cholesterol intake,2024 as
well as improved biochemical indices of nutritional status, i.e.,
serum vitamin and mineral concentrations.422.2. Meal patternsIncreased daily energy intake is unlikely to explain the
higher BMI associated with breakfast skipping.7,38,43 It is
more likely that skipping breakfast leads to greater high-fat
snacking35,38 and energy intake later in the day to compensate
for the energy deficit at breakfast, which predisposes
obesity.43,44 Indeed, consuming more energy earlier compared
with later in the day may assist in weight loss in adults.45
There is evidence that overweight and obese young people
skip breakfast more frequently, consume a lower proportion of
energy at breakfast, and consume a higher proportion of
energy during dinner.46,47 As sedentary behavior is more
prevalent later in the day,48 it is likely that the energy
consumed in the late afternoon or evening will be stored as
glycogen and fat, rather than metabolised through PA.
Breakfast consumption may be a simple, yet effective, strategyto reduce energy intakes later in the day when young people
may be less likely to expend the energy consumed.
Conversely, the increased eating frequency associated with
breakfast composition results in a more even distribution of
energy intake throughout the day.43 This may increase dietary
induced thermogenesis and energy expenditure48 and, conse-
quently, contribute to healthy weight status. Indeed, meal
frequency is inversely associated with obesity in young
people.49512.3. PA and healthy lifestyle behaviorsObservations that regular breakfast consumers may have
higher daily energy intakes than breakfast skippers7,38,43
suggest that these young people maintain a lower BMI by
expending more energy. There is direct evidence that young
people who consume breakfast habitually have higher PA and
cardiorespiratory fitness levels.9,52 Cardiorespiratory fitness is
protective against chronic disease risk markers in young
people53,54 and morbidity and all-cause mortality in adults.55
These findings are particularly relevant for girls since PA
levels decline during adolescence56 and are lower compared
with boys.57 Conversely, experimental data in adults have
shown no difference in daily activity and energy expenditure
when participants consumed or omitted breakfast for one
week,40 suggesting that breakfast consumption may not lead to
increase in PA in this population. However, further experi-
mental studies are required to clarify this finding. Although
similar data in young people would be valuable, ethical
restrictions may present challenges when asking children to
omit breakfast over a period of time.
Other health-compromising behaviors associated with
breakfast skipping in adolescents include tobacco, alcohol and
substance use, although it should be highlighted that it is not
possible to infer causality between these relationships.11,58 It
seems plausible that adolescents who readily adopt a variety of
unhealthy lifestyle choices also skip breakfast. Those who
consume healthier breakfasts containing LGI CHO and whole
grain may also be more physically active and generally adopt
healthy lifestyle behaviors. However, research investigating
relationships between breakfast composition and PA does not
appear to be available in young people.2.4. Breakfast compositionBreakfast composition or “quality” is an important factor
mediating the relationship between breakfast consumption and
health. Regular RTEBC consumption has been associated with
lower BMI and obesity risk in young people.20 In a study
comparing consumption of RTEBC and other breakfasts
(foods or beverages other than RTEBC as the first meal) with
breakfast skipping, adolescent RTEBC consumers had the
lowest prevalence of obesity.19 Frequent RTEBC consumption
may also be protective against risk factors for chronic disease
in young people, including reduced blood glucose52 and low-
density lipoprotein cholesterol23,24 concentrations.
Fig. 1. Typical glycaemic and insulinaemic responses to a high glycaemic
index (HGI) and a low glycaemic index (LGI) breakfast.
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possible that just eating breakfast (but not necessarily RTEBC)
may partly explain the reported health benefits of RTEBC
consumption.20 However, differences between RTEBC and
other breakfast consumers imply the beneficial effect of
breakfast consumption is enhanced with the inclusion of
RTEBC. The nutrient fortification and low fat content of
cereals may explain relationships between RTEBC consump-
tion and nutrient intake. Compared with other breakfasts,
RTEBC consumption is associated with greater nutritional
benefits in young people, including higher intakes of total
CHO, dietary fibre and several micronutrients and lower total
fat and cholesterol intakes.19,32 Lower fat intakes are associ-
ated with lower BMI in young people47 and may prevent
weight gain in adults.59 Increased dairy calcium consumption
that often accompanies RTEBC is also related to lower BMI in
children60 and interventions in adults have shown that
increased calcium consumption may accelerate weight loss.61
In more recent years, it has been suggested that the asso-
ciation between RTEBC consumption and health may be
attributed to the consumption of whole-grain and not refined-
grain cereals, particularly regarding diabetes.25,26 In young
people, plasma total cholesterol was lower in those habitually
consuming RTEBC with fibre compared with traditional
breakfast, crisps (“chips”) or sweets, other RTEBC and mixed
breakfasts.35 Indeed, the nutritional content of RTEBC varies
considerably and there are concerns that the majority of
RTEBC marketed to children fail to meet national nutrition
standards. These cereals are typically denser in energy, sugar
and sodium, but sparser in fibre and protein compared with
cereals that are not marketed specifically for children.62
Conversely, it is possible that the health benefits of RTEBC
offset potential increases in added sugars and, in practice, the
convenience and cost of RTEBC as a breakfast food may
facilitate the promotion of breakfast consumption.63 Break-
fasts containing LGI rather than high glycaemic index (HGI)
CHO typically have a lower energy density and contain higher
amounts of dietary fibre.64,65 However, evidence on the
nutrient intakes of young people regularly consuming LGI
compared with HGI breakfasts does not appear to be available.
The consumption of RTEBC containing LGI CHO may
provide an optimal balance of ensuring that breakfasts are
nutritious, healthy and convenient for the consumer.
3. GI
Much of the research on the health benefits of breakfasts
containing LGI CHO comes from experimental work investi-
gating the acute effect of manipulations in GI on metabolism.
The following section reviews this evidence, following an
introduction on GI.
The concept of GI was introduced as a method of classi-
fying different CHO-rich foods according to their effect on
postprandial glycaemia. It is defined as the incremental area
under the 2-h blood glucose curve following ingestion of 50 g
available CHO as a percentage of the corresponding area
following an equivalent amount of CHO from a standardreference product (glucose or white bread).66 Typical blood
glucose and plasma insulin responses to HGI and LGI
breakfasts are displayed graphically in Fig. 1. Values for GI
range from 1 to 100 and CHOs can be classified as high (70),
moderate (56e69) or low (55). Foods classified as HGI
include refined-grain products, white bread and potato,
whereas LGI foods include whole-grain products, legumes and
fruits. Numerous published tables now contain GI values for
a variety of foods, including the international tables of gly-
caemic index.67 As the extent of postprandial glycaemia
depends on both the GI and the amount of CHO consumed, the
glycaemic load (GL) was later proposed to provide an indi-
cation of the total glycaemic effect of the diet and is calculated
as the product of the GI and total dietary CHO divided by
100.68 Critically, the consumption of mixed meals composed
of commonly consumed foods more closely reflects “real
world” situations than assessing single CHO-containing foods.
The GI of mixed meals can be predicted from the GI values of
the component CHO foods. The weighted mean of the indi-
vidual GI values is based on the percentage of the total meal
CHO provided by each food and the predicted response is
strongly correlated with the actual glucose response.69,70
Various food factors influence the GI of CHO-containing
foods, which are affected by the method of preparation, pro-
cessing, variety, origin, maturation, and degree of ripeness.71,72
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that can be digested and absorbed, excluding dietary fibre. The
type of monosaccharide affects the GI, with fructose having
a relatively lowGI comparedwith glucose, although it should be
noted that diets high in fructose have been implicated in insulin
resistance.64,71 The ratio of amylose/amylopectin in starch is
another important factor; the branched amylopectin is more
rapidly digested than the unbranched amylose and results in
a higher GI.73 The macronutrient content of foods also affects
the GI, with protein and fat reducing the glycaemic
response.7476 Although soluble fibre may lower the GI,66,77
controversy generally surrounds the effect of dietary fibre on
GI.72 Glycaemic and insulinaemic responses to consumed CHO
are generally well related.70 However, in certain foods, although
the GI can predict the glucose response to a meal it does not
necessarily predict the insulin response.72 The unexpectedly
high insulinaemic index of milk78 may be important when
considering postprandial metabolism following breakfasts
typically containing milk.
4. Dietary GI and health
The rate of glucose entry into the bloodstream and duration
of elevated blood glucose concentration induce hormonal and
metabolic changes that may affect health; mounting evidence
suggests that the postprandial state contributes to the devel-
opment of chronic disease.79 A review in adults concluded that
there is now a large body of evidence providing robust support
for LGI diets in the prevention of obesity, diabetes and
cardiovascular disease.27 Although, relative to adults, a small
number of interventions have assessed the impact of dietary GI
on health markers in young people. The available evidence
indicates reduced GI diets have implications for lowering
BMI, metabolic syndrome and cardiovascular risk factors,
hyperglycaemia, fasted glucose and insulin and hunger.28,29,80
Moreover, a reduced-GL diet may be more effective at
improving BMI and insulin sensitivity compared with
a reduced-fat diet.81 However, it should be noted that some
have reported dietary GI may not influence health markers in
children.82 Encouragingly, health benefits of reducing dietary
GI may be achieved by targeting just the breakfast meal in
adults,83 although these effects have yet to be investigated in
young people. Potential health-enhancing effects of reduced
GI diets in young people are, therefore, encouraging, but
require greater research attention. Evidence on the effect of
manipulating habitual GI at the breakfast meal only (rather
than the diet as a whole) in young people would be valuable;
cross-sectional and prospective associations between breakfast
GI, BMI, and health markers should be explored.
5. Acute effect of breakfast GI on metabolism and satiety
Plausible mechanisms explaining relationships between
dietary GI and health may arise from the contrasting acute
metabolic responses to HGI and LGI foods. Indeed, much of
the support for the promotion of LGI breakfasts comes from
experimental studies investigating the acute effect of HGI andLGI breakfasts on metabolism and satiety. In young people,
the effect of manipulations in breakfast GI on glucose, insulin,
satiety, and fat oxidation have been investigated; the following
section reviews this evidence and draws on the more extensive
adult literature where appropriate.5.1. Glucose and insulinNumerous studies in adults have shown that LGI compared
with HGI mixed-breakfast meals reduce postprandial glycae-
mia and insulinaemia27,84,85 and studies in young people have
provided similar findings.86,87 In adults, LGI CHO consump-
tion may also attenuate glycaemic and insulinaemic responses
to standard subsequent meals due to the “second meal
effect”,88 although similar evidence in young people appears
to be unavailable. Reduced blood glucose decreases the
quantity of insulin required to clear glucose from the blood,
which may up-regulate insulin receptors on cells and increase
insulin sensitivity.89
Recent findings in young people indicate that the higher
glycaemic response to HGI compared with LGI breakfast
consumption was exaggerated in overweight compared with
non-overweight girls.65 This was mainly due to the delayed
decline in blood glucose following the postprandial peak and
may indicate delayed blood glucose uptake up to 60 min
following HGI breakfast consumption in overweight girls,
possibly reflecting a reduced ability to cope with the metabolic
demands of this breakfast. In support, higher and more sus-
tained postprandial glucose responses have been reported in
obese compared with non-obese young people,90 but these
studies did not investigate the potential interaction with the GI
of the consumed CHO. It is possible that the combination of
readily absorbed glucose from the HGI (but not LGI) breakfast
and higher insulin resistance (HOMA-IR) in the overweight
girls may have contributed to this exaggerated glycaemic
response.5.2. SatietyIt is not surprising that that breakfast consumption
compared with omission reduces feelings of hunger in young
people,91 but there is evidence that LGI breakfasts have
additional satiating properties that may reduce subsequent
food intake. It is this finding that has prompted much of the
interest surrounding GI and body weight regulation and,
importantly, there is evidence to support these claims in young
people. In a well-controlled study, Warren et al.92 reported
lower lunch time energy intake and hunger ratings after LGI
and LGI with added sugar breakfasts compared with HGI and
habitual breakfasts (which were also HGI) in girls and boys.
During a 10-week intervention, Henry et al.93 found
a tendency towards reduced energy intake during a lunch time
ad libitum buffet following LGI compared with HGI breakfast
consumption in preadolescent children, although the mean
difference was low (75 kJ, 18 kcal) and mainly confined to
boys. In addition, data from 3-day food diaries showed
a tendency towards a reduced energy intake during the LGI
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insulin responses to the breakfasts were not determined in
these studies, thus it is not possible to confirm whether the
breakfasts differing in GI induced the expected metabolic
responses.92,93 Nevertheless, studies that have determined
postprandial glucose and insulin concentrations support these
findings and suggest a dose response; voluntary energy intake
and hunger ratings were greatest after an HGI, followed by
a moderate GI (MGI) and lowest after an LGI breakfast in
obese adolescent boys.87 However, although the HGI and MGI
breakfasts were matched for key variables, the LGI breakfast
contained less CHO, more protein and more fat than the HGI
breakfast, possibly confounding the GI comparison.87 In
contrast, similar energy intake and hunger ratings were re-
ported when comparing an LGI meal replacement, LGI whole-
food meal and HGI meal replacement in overweight adoles-
cents.86 However, time to request additional food was pro-
longed following the LGI breakfast,86 indicating that
overweight and obese adolescents are satisfied for a longer
time period after LGI compared with HGI breakfast
consumption.86,87
In younger children aged 4e6 years, a high glycaemic load
(HGL) compared with low glycaemic load (LGL) breakfast
resulted in higher hunger levels before lunch, but this did not
translate into differences in the amount of food and energy
consumed during an ad libitum lunch.94 However, between-
participant variation may have confounded the between-trial
comparisons; since the children were allowed to consume as
they desired, those in the LGL group consumed lower amounts
of total CHO, energy and dietary fibre and higher amounts of
protein and fat at breakfast compared with the HGL group.
Thus, the study design did not permit the examination of the
independent effect of GL; decreased hunger prior to lunch in
the LGL group may be ascribed to the higher protein and fat
content of the LGL breakfast. An interesting observation of
this study was that the children consumed more energy at
breakfast when the HGL test breakfast was served, despite the
similar hunger ratings before the two breakfast meals. This
may be attributed to the greater energy density of the HGL
compared with LGL breakfast, since no difference was found
in the amount of food consumed at breakfast between the LGL
and HGL intervention groups. Therefore, LGI breakfast
consumption may not only reduce food intake later in the day,
but also reduce energy intake at the breakfast meal. Further
work in this area would be valuable and is required to support
these findings.
It should be noted that some studies have shown no effect
of breakfast GI on satiety in young people. Following the
consumption of HGI and LGI breakfasts matched for energy
and macronutrient content, no difference in perceived hunger
was reported in overweight and non-overweight girls,65
although it is possible the 2-h postprandial period was too
short for differences to emerge.86 In another study, refined and
whole-grain breakfasts had a similar effect on satiation 2 h
after consumption, with breakfast omission resulting in
substantially higher hunger and tiredness levels.91 However,
a standard amount of each breakfast was given to all children,independent of individual factors such as size, weight or usual
breakfast habits. Furthermore, although breakfast meals were
matched for energy content, the children were not instructed to
consume all of the breakfast provided and only four of the 28
participants consumed the entire breakfast for both trials. The
authors did not compare energy intake statistically between
breakfast conditions, but noted that 11 children consumed the
entire refined breakfast and left some whole-grain breakfast.
Therefore, it appears that the children were equally as hungry
after both breakfasts despite many of them consuming less
energy during the whole-grain condition, again highlighting
that this type of breakfast may be particularly satiating. A
prospective study of free-living children reported a higher
daily energy intake in children in the lower tertile of breakfast
GI who consumed a second early snack within 3 h of breakfast
consumption, whereas breakfast GI did not affect subsequent
daytime energy intake in children consuming their next meal
during the late postprandial phase (>3e4 h).95 This suggests
that, when a morning snack is consumed within 3 h of
breakfast consumption, HGI breakfasts may actually be more
satiating. However, glucose and insulin responses to breakfast
were not measured in this study.94 Nevertheless, studies in
adults also suggest that HGI foods may suppress short term
voluntary energy intake more effectively than LGI foods.9698
The lower energy intake and prolonged satiety following
LGI breakfast consumption suggest that these breakfasts could
have direct implications for weight management and may
partly explain reported relationships between dietary GI and
obesity.28,99 Indeed, there is evidence that these acute LGI
breakfast effects may translate into longer term reductions in
hunger; self-reported hunger was reduced after a 6-week LGL
diet (based on the replacement of at least 50% of the high GI
foods with LGI foods) in prepubertal children.80 In turn,
reduced BMI may contribute to other health benefits associ-
ated with LGI diets, including increased insulin sensitivity and
reduced cardiovascular risk factors. The similar palatability
between whole and refined91 and between HGI and LGI
breakfasts in young people is encouraging.65
Differences in glycaemia might underpin the relationship
between GI and satiety, as the lower glucose concentration
following an LGI compared with HGI breakfast explained
much of the lower voluntary food intake later in the day in
obese adolescent boys.87 The opposing effects of an HGI meal
in the early and late postprandial phase can potentially be
ascribed to a satiating effect of blood glucose spikes in the
early postprandial phase,97 which ceases once glycaemia drops
to concentrations below baseline in the later postprandial
phase.100 Indeed, the rapid absorption of glucose following
HGI breakfast consumption stimulates insulin release, which
promotes glucose uptake by the liver, skeletal muscle, and
adipose tissue, while suppressing both lipolysis in adipocytes
and the release of glucose from the liver into the circulation.
Subsequently, blood glucose concentration decreases rapidly.
The decreased circulating concentrations of metabolic fuels
following HGI breakfast consumption would be expected to
result in increased hunger and food intake as the body attempts
to restore energy homeostasis. In contrast, the attenuated
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ulates more subtle hormonal responses and the prolonged and
continued absorption of nutrients means that the fasted state is
reached much later. The hunger response is, thus, prolonged
following LGI breakfast consumption, promoting longer term
satiety.87,1015.3. Substrate metabolism during rest and exerciseLow rates of fat oxidation may be involved in the aetiology
of obesity and accumulation of lipid within skeletal muscle
can lead to abnormalities in insulin signalling and contribute
to insulin resistance.102,103 Maximising fat oxidation may,
therefore, have important health implications for obesity and
Type 2 diabetes. It is well established that fat oxidation is
maximised in the fasted state, increasing in direct proportion
to the duration of fasting104 and being suppressed by CHO
consumption.105,106 In young people, exogenous CHO uti-
lisation lowers the contribution of fat oxidation to energy
expenditure during exercise.107110 The mechanisms respon-
sible for the reduction in fat oxidation following CHO
consumption relate to the rise in insulin that inhibits lipolysis
and free fatty acid (FFA) availability106 and the increase in
blood glucose uptake and, therefore, CHO oxidation, which
inhibits the rate of FFA entry into the mitochondria.111,112
Although it is clear that exercise in the fasted state is prefer-
ential for augmenting fat oxidation, this may not be practical
for young people and, as discussed throughout this review,
regular breakfast consumption should be advocated for
health.1,11,23
In adults, increased fat oxidation during the immediate
postprandial rest period has been reported following an LGI
compared with HGI breakfast.85 However, the majority of
studies have not supported this finding.84,113,114 It was sug-
gested that the lower CHO load in the Stevenson et al.’s85
study compared with other studies reporting no effect of
breakfast GI may have underpinned reported differences in
resting fat oxidation. When individuals consumed an HGI or
LGI breakfast and lunch, higher resting fat oxidation was re-
ported following the LGI meals after lunch only.115 However,
the consumption of an HGI compared with LGI evening meal
did not influence fat oxidation following a standard HGI
breakfast the next morning in men116 or women.117 Studies
examining the more prolonged effect of GI on substrate
oxidation have reported no difference in resting fat oxidation
over 10 h when obese women consumed an HGI or LGI
breakfast and lunch.113 Furthermore, consuming two HGI
compared with LGI meals for 5 consecutive days actually
resulted in higher fat oxidation in trained men.118 In line with
this finding, resting fat oxidation was higher after high glucose
(HGI) compared with high fructose (LGI) meals in obese
adults, despite greater glucose and insulin responses to the
high glucose meal,119 suggesting fat oxidation may depend on
the type of LGI CHO consumed.
Unlike resting fat oxidation, the majority of studies support
the finding that LGI compared with HGI breakfast consump-
tion results in higher fat oxidation during exercise performed45 min to 3 h after breakfast.84,85,114,120 These observations
have typically been accompanied by higher plasma FFA and
glycerol concentrations following LGI breakfasts.84,120122
However, some have reported no effect of breakfast GI on
exercise fat oxidation123,124 and a recent study even reported
higher fat oxidation when an HGI breakfast was consumed
45 min before a cycling time trial.125 The relationship between
GI and fat oxidation is further complicated by findings that
breakfast GI does not affect fat oxidation during exercise when
comparing an MGI and HGI breakfast126 and no difference in
fat oxidation was reported when exercise was preceded by two
LGI or HGI meals rather than breakfast alone.115 Furthermore,
exercise fat oxidation was not affected when an LGI or HGI
meal was provided the evening before116,117; this suggests that
the “second meal effect” does not apply to fat oxidation.
In the only study, we are aware of, to investigate GI and
substrate oxidation in young people, Zakrzewski et al.65
examined the effect of HGI and LGI mixed-breakfast meals
on fat oxidation in overweight and non-overweight girls. They
focused on the 2-h postprandial rest period and a subsequent
30-min walk at 50% VO2peak. Although breakfast GI did not
affect postprandial fat oxidation during rest or exercise in
either group of girls, it is noteworthy that LGI breakfast
consumption resulted in 12% higher exercise fat oxidation
(adjusted for fat free mass (FFM)) in both groups, a finding
that may have meaningful health-related implications if
experienced regularly over an extended period.102 The similar
insulin response between HGI and LGI reported in this study
may have underpinned the similarity in fat oxidation.106
Furthermore, fructose has a lower GI than glucose, but
results in higher blood lactate concentrations.127 It is possible
that higher lactate concentrations compromised fat oxidation
following the LGI breakfast through direct inhibition of
adipose tissue FFA release.128 Indeed, resting fat oxidation
was lower after high fructose compared with high glucose
meals in obese adults, despite lower glucose and insulin
responses to the high fructose meal.119 It is also possible that
the 1.5 g CHO/kg body mass breakfast, 2-h postprandial
period, and 30-min exercise duration at 50% VO2peak was
a sub-optimal combination to induce differences in fat
oxidation between HGI and LGI. However, higher exercise fat
oxidation following LGI breakfasts has been reported 45 min
to 3 h85,120 following breakfasts containing 1e2.5 g CHO/kg
body mass during exercise lasting 60 or 30 min at 50%e71%
VO2peak in adults.
85,114 It is, therefore, difficult to ascertain
which factors contribute specifically to the higher fat oxidation
following LGI breakfasts in some adult studies. Furthermore,
differences in fat metabolism between adolescents and
adults129 may have resulted in discrepancies between this
study and some of the adult literature. Consequently, these
results require confirmation with larger independent samples
of young people.
It has been suggested that the reduced-fat oxidation
following HGI breakfasts is largely due to the higher insulin
response, which increases muscle glycogen stores and uti-
lisation, resulting in higher CHO and lower fat oxidation.114
Indeed, Wee et al.114 reported increased muscle glycogen
156 K. Tolfrey and J.K. Zakrzewskiconcentration 3 h following an HGI breakfast, with no change
following the LGI breakfast, and greater muscle glycogen
utilisation during subsequent exercise in the HGI trial.
Increased muscle glycogen utilisation following HGI breakfast
consumption was reported previously,130 but not consis-
tently.124 Contrasting findings may have been due to major
differences in study design and, in particular, differences in the
timing of the muscle biopsy, which was obtained 30 min114 or
2 h124 after exercise. Differences in FAT/CD36 gene expres-
sion following HGI and LGI CHO consumption may be
another underlying mechanism controlling differences in fat
oxidation. In men, FAT/CD36 mRNA and protein levels were
down-regulated 3 h after the consumption of an HGI post-
exercise meal, but were unchanged when an isoenergetic LGI
meal with similar macronutrient content was consumed.131
Conversely, muscle glucose transporter type 4 (GLUT-4)
expression was reduced similarly following both meals, sug-
gesting that this is not implicated in the relationship between
GI and substrate oxidation. The effect of GI on FAT/CD36
expression may also be mediated through differences in the
insulin response to meals differing in GI.132,1336. Summary and recommendations for future research
Regular breakfast consumption is associatedwith a variety of
nutritional and lifestyle-related health outcomes in large diverse
samples of young people, which may prevent weight gain,
nutrient deficiency, and the development of chronic disease risk
factors. Health benefits of breakfast consumption may be
enhanced with the inclusion of RTEBC, particularly those
containing LGI carbohydrates. Substituting an HGI breakfast
for an LGI breakfast may be particularly beneficial for over-
weight young people through increased glycaemic control, fat
oxidation and satiety. Overall, the potential benefits of LGI
breakfasts seem to indicate that this could represent a positive
factor supplementary to regular breakfast consumption.
Breakfast consumption and composition, therefore, represent an
important area of research that may have broad public health
applications in obesity prevention and health. However, it is
noteworthy that breakfast comprises just one component of
a healthy lifestyle and those involved in breakfast promotion
should highlight this to the target audience.
Research on breakfast consumption and health has typically
taken the form of cross-sectional and descriptive prospective
studies; controlled, systematic experimental studies are
required to infer causality and the mechanisms controlling
these relationships require further investigation. However,
randomised controlled trials involving the intentional manip-
ulation of breakfast omission over a period of time may be
challenging for ethical reasons. Conversely, evidence
surrounding breakfast GI and health is most often based on
experimental research. There is a notable gap in the literature
that has recognised the integrative effect of regular breakfast
consumption and breakfast GI. Thus, large observational
studies and interventions differentiating between HGI and LGI
breakfasts are required and could provide valuable datarequired to strengthen health claims of LGI breakfast
consumption.References
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